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ABSTRACT 
 
Asteroid Crewed Segment Mission Lean Development 
 
Joe Gard, Mark McDonald, Wayne Jermstad 
NASA Johnson Space Center, Houston, TX  77058 
 
The next generation of human spaceflight missions presents numerous challenges to 
designers that must be addressed to produce a feasible concept.  The specific 
challenges of designing an exploration mission utilizing the Space Launch System 
and the Orion spacecraft to carry astronauts beyond earth orbit to explore an 
asteroid stored in a distant retrograde orbit around the moon will be addressed.  
Mission designers must carefully balance competing constraints including cost, 
schedule, risk, and numerous spacecraft performance metrics including launch 
mass, nominal landed mass, abort landed mass, mission duration, consumable limits 
and many others.  The Asteroid Redirect Crewed Mission will be described along 
with results from the concurrent mission design trades that led to its formulation.  
While the trades presented are specific to this mission, the integrated process is 
applicable to any potential future mission.   
 
The following trades were critical in the mission formulation and will be described 
in detail: 1) crew size, 2) mission duration, 3) trajectory design, 4) docking vs 
grapple, 5) extravehicular activity tasks, 6) launch mass and integrated vehicle 
performance, 7) contingency performance, 8) crew consumables including food, 
clothing, oxygen, nitrogen and water, and 9) mission risk. 
 
The additional Orion functionality required to perform the Asteroid Redirect 
Crewed Mission and how it is incorporated while minimizing cost, schedule and 
mass impacts will be identified.  Existing investments in the NASA technology 
portfolio were leveraged to provide the added functionality that will be beneficial to 
future exploration missions.  Mission kits are utilized to augment Orion with the 
necessary functionality without introducing costly new requirements to the mature 
Orion spacecraft design effort.  The Asteroid Redirect Crewed Mission provides an 
exciting early mission for the Orion and SLS while providing a stepping stone to 
even more ambitious missions in the future. 
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The next generation of human spaceflight missions presents numerous challenges to 
designers that must be addressed to produce a feasible concept.  The specific challenges of 
designing an exploration mission utilizing the Space Launch System and the Orion 
spacecraft to carry astronauts beyond earth orbit to explore an asteroid stored in a distant 
retrograde orbit around the moon will be addressed.  Mission designers must carefully 
balance competing constraints including cost, schedule, risk, and numerous spacecraft 
performance metrics including launch mass, nominal landed mass, abort landed mass, 
mission duration, consumable limits and many others.  The Asteroid Redirect Crewed 
Mission will be described along with results from the concurrent mission design trades that 
led to its formulation.  While the trades presented are specific to this mission, the 
integrated process is applicable to any potential future mission.   
 
Critical trades in the mission formulation include: crew size, mission duration and 
trajectory design, docking vs. grapple, launch mass performance, and crew consumables 
including food, clothing, oxygen, nitrogen and water, and mission risk.  The additional 
Orion functionality required to perform the Asteroid Redirect Crewed Mission and how it 
is incorporated while minimizing cost, schedule and mass impacts will be identified.  
Existing investments in the NASA technology portfolio were leveraged to provide the added 
functionality that will be beneficial to future exploration missions.  Mission kits are utilized 
to augment Orion with the necessary functionality without introducing costly new 
requirements to the mature Orion spacecraft design effort.  The Asteroid Redirect Crewed 
Mission provides an exciting early mission for the Orion and SLS while providing a 
stepping-stone to even more ambitious missions in the future. 
 
Nomenclature 
ARM = Asteroid Redirect Mission 
ARV = Asteroid Redirect Vehicle 
CM = Crew Module 
DRO = Distant Retrograde Orbit 
EM-2 = Exploration Mission 2 
EVA = Extra-Vehicular Activities 
IDSS = International Docking System Standard 
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Center, Houston TX  77058 
LAS = Launch Abort System 
LEO = Low-Earth Orbit 
LOCI = Laser Optical Camera Instrument 
MACES = Modified Advanced Crew Escape Suit 
NORS = Nitrogen Oxygen Resupply System 
PCS = Pressure Control system 
PLSS = Primary Life Support System 
RPOD = Rendezvous, Proximity Operations and Docking 
SA = Spacecraft Adapter 
SLS = Space Launch System 
SM = Service Module 
SOP = Secondary Oxygen Pack 
STORM = Sensor Test for Orion RelNav Risk Mitigation 
TLI = Trans Lunar Injection 
TMG = Thermal Micrometeoroid Garment 
 
I. INTRODUCTION 
NASA is currently building a new human spacecraft, Orion, and rocket system, Space Launch System (SLS), 
that will facilitate a new era of space exploration. A series of increasingly challenging missions awaits, and this new 
spacecraft will take us farther than we’ve gone before. It will be most advanced spacecraft ever built capable enough 
to take us to a variety of destinations including exploring a captured near earth asteroid.  Under the Asteroid 
Redirect Mission (ARM) plan, a near earth asteroid would be redirected into a Distant Retrograde Orbit (DRO) 
around the Earths Moon where an Orion capsule launched atop an SLS rocket will carry crew members and the 
equipment necessary to explore the asteroid, collect samples and return safely to Earth. 
Planning a mission to explore the asteroid poses several challenges to mission designers including balancing 
competing constraints including cost, risk and spacecraft performance metrics like launch mass, mission duration 
and consumable limitations.  In order to demonstrate the feasibility of a crewed asteroid mission many critical 
parameters including mission objectives, crew size, mission duration, crew consumables and spacecraft performance 
are examined to develop a feasible mission plan. 
II. ARCM MISSION OVERVIEW 
A. Reference Mission Schedule 
Current NASA policy is to perform asteroid missions as soon as 2021 and before 2025. For planning purposes 
asteroid 2009BD was selected as a feasible target.  The reference ARCM evaluated for this study targets Asteroid 
Redirect Vehicle (ARV) rendezvous with 2009BD and redirecting the asteroid to a DRO no earlier than November 
2024. However performance assessment showed than an Orion rendezvous and dock with the ARV is feasible in 
May 2024 prior to full DRO insertion by allowing the ARV to coast along the ‘spiral’ during the short docked 
operations.  Once the Orion has undocked, the ARV can continue to the final DRO.  
B. Asteroid Redirect Crewed Mission Concept Overview 
After capturing the asteroid, the ARV spacecraft is used to redirect the trajectory of an asteroid, capture it into 
the Earth-Moon system, and transfer it to a stable DRO with an orbit altitude of roughly 70,000km.  
The crew will be transported to the DRO utilizing the Orion spacecraft launched atop a SLS rocket.  The 
ARCM design reference mission is designed around the translunar transit, rendezvous and docking with the ARV in 
the DRO orbit and return to earth.  
At the asteroid, crewmembers will perform two four-hour Extra-Vehicular Activities (EVA) to explore the 
asteroid and retrieve samples for Earth return.  The ARCM design reference mission supports five days total time at 
the DRO for joint operations, with a day between EVAs and protection for a contingency day.  Upon completion of 
integrated 
Ocean off 
epoch sele
C. Orio
The O
returns the
support fou
Crew Mod
 
For th
Lunar Orb
includes pr
augmented
objectives.
functionali
operations the
the coast of C
cted. 
n ARCM R
rion spacecraf
m safely back 
r crewmembe
ule (CM), Serv
is feasibility s
it mission. Th
ovisions for f
 to add rendez
  To minimize
ty is provided 
 Orion spacec
alifornia.  The
eference Co
t is a pressuri
to the Earth’s 
rs for up to 2
ice Module (S
F
tudy, the Orio
e Orion vehic
our crewmemb
vous and dock
 the integrated
as add-on miss
Table 1:
raft returns to 
 total mission 
nfiguration
zed, crewed e
surface at the 
1 days. Figure
M), Spacecraf
igure 1: O
n configuratio
le configurati
ers for up to 
ing, EVA, and
 Orion hardw
ion kits that w
 Orion EM-
earth on a tar
duration is be
 
lement that tra
end of a missi
 1 depicts a r
t Adapter (SA
rion Config
n is based on 
on summary f
21 days. For th
 sample return
are and softwa
ill interface w
2 Referenc
get line traject
tween 24 and 
nsports up to
on. The Orion
epresentative 
) and a Launch
uration 
the Orion for 
or the EM-2 
is study, the 
 functionality 
re configurati
ith the existing
e Configura
ory splashing 
30 days depen
 four crew me
 provides all s
Orion configu
 Abort System
the Exploratio
mission is sho
Orion referenc
required to acc
on changes, th
 Orion system
tion 
 
down in the P
ding on the sp
mbers to spac
ervices necess
ration includin
 (LAS). 
 
n Mission-2 (E
wn in Table 
e configuratio
omplish the A
e additional A
s where practi
acific 
ecific 
e and 
ary to 
g the 
M-2) 
1 and 
n was 
RCM 
RCM 
cal. 
Table 2 contains a list of the ARCM kits required to support rendezvous and docking, EVA, and sample return 
objectives.  The EVA Suit Kit contains the elements necessary to convert the launch and entry suit into an EVA-
compatible suit. The EVA Servicing Kit contains hardware to replenish and recharge suit consumables between 
EVAs and provide communications between the ground and crew during the EVAs.  The EVA Repress Kit provides 
cabin air required to repress the Orion cabin following the two EVAs. The EVA kits are designed to leverage 
existing development work or to utilize existing technology.  
Table 2: Orion ARCM Functionality Kits 
 
 
The vehicle mating kits consist of: Relative Navigation Kit which includes the sensors required for rendezvous 
and proximity operations and a Docking Kit which includes the International Docking System Standard (IDSS) 
compliant mechanisms necessary to securely attach the two spacecraft.  Although not included in the EM-2 mission, 
the Orion spacecraft is designed to accommodate the IDSS compliant mechanism without design modifications.  
The sensor data generated by the Relative Navigation Sensor kit during rendezvous and docking must be integrated 
into the Orion Guidance and Navigation software.  Because the reference EM-2 mission does not include docking 
activities, the integration of the rendezvous sensors and guidance algorithms required for docking is not included in 
the EM-2 baseline.  
III. MISSION DESIGN TRADES 
A. Trajectory 
The reference ARCM trajectories evaluated for this study targets an Orion launch to rendezvous and dock with 
the ARV/asteroid in a retrograde orbit around the moon.  The trajectory utilizes powered lunar gravity assist 
maneuvers to assist the Orion spacecraft to and from the DRO.  Several different trajectory approaches were 
examined including minimizing total duration, minimizing the number of burns required to perform the mission and 
minimizing the Orion ∆V required to complete the mission.   
The reference trajectory was selected based on minimizing the Orion ∆V required in order to maintain some 
measure of abort capability.   The reference trajectory is shown in Figure 2.  The outbound leg requires 7 days with 
1 day to rendezvous and dock with the ARV, 5 days of operations at the asteroid and 10 days to return to earth for a 
total mission duration of 23 days.   
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Figure 3 Radial Docking Analysis 
E. Relative Navigation Sensor Kit 
Orion Rendezvous, Proximity Operations and Docking (RPOD) with the ARV will require several navigation 
sensors and components whether it is performed autonomously or with pilot in the loop. This section describes the 
sensors and components required to successfully rendezvous and dock.  Figure 2 shows the operational range for 
each sensor, along with a graphical depiction of their associated field of view (where applicable). 
Two star trackers and S-band RF communications equipment are part of Orion’s baseline to support nominal 
operations in Low-Earth Orbit (LEO) and beyond. The star trackers will be supporting long-range and mid-range 
bearing computation to a target vehicle, in addition to providing attitude updates to the Orion absolute navigation 
software. The S-band will provide range and range-rate measurements from the Orion to the ARV from 100km until 
the LOCI is the primary relative navigation sensor (approximately five to six kilometers). 
Orion’s Relative Navigation Kit, pictured in  Figure 3, is comprised of two (2) Vision Navigation Sensors 
(VNS) and two (2) docking cameras into a single unit called the Laser Optical Camera Instrument (LOCI). LOCI is 
a single chassis, dual one-fault tolerant sensor suite. LOCI is mounted to the docking hatch, operating through the 
docking hatch window. The crew installs and connects LOCI prior to performing any rendezvous and docking 
maneuvers at least one day prior to rendezvous operations. 
A prototype system, called Sensor Test for Orion RelNav Risk Mitigation (STORRM), consisting of a VNS and 
a docking camera, was tested on STS-134.  The prototype system was demonstrated during docking, undocking and 
re-rendezvous operations. 
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storage required on the SM and CM.  Consistent with the EM-2 baseline, the Orion cannot support all of the 
contingencies in the same mission, but it can accommodate any one of them.  The list includes: 
 An MMOD strike or other leak, followed by “Feed-the-Leak” for suit donning, and an unpressurized 
return to Earth 
 A cabin depressurization and repressurization (after atmosphere contamination) 
 Partial cabin depressurization and repressurization (after a failed hatch leak check) 
 A contingency EVA using umbilicals, including depressurization and repressurization 
 Engine out case which increases mission duration 
 These cases, and the associated analysis, apply to the ARCM concept of operations with one exception.  
The duration of an unpressurized return to Earth or increased mission duration would change. 
Consumables are driven by crew needs or by Orion contingencies.  Orion Mission Functionality kits are used to 
provide oxygen during the EVA and to repressurize the vehicle. Therefore, consumables specifically related to 
ARCM activities are not drivers of consumable requirements. Figure 4 illustrates the allocation of each consumable 
to the mission requirements. 
 
Figure 4 Consumables Required 
III.F.1.1 Oxygen 
Oxygen is consumed by the crew and lost as a result of leakage or venting of several systems.  The rate of 
metabolic consumption of oxygen varies depending on crew activity.  The nominal 18-day Orion mission includes 
11 exercise days and 7 non-exercise days.  Leakage rates are affected by vehicle pressure.   Oxygen is lost by 
venting the ullage volume of the amine swingbed system that controls CO2 and humidity, and may be lost if urine 
venting is included.  When EVAs are performed, the oxygen (and other gases) in the cabin is vented so that the 
hatch can be opened.  The EVA Repress Kit, not by the Orion tanks, replaces cabin gases.  The PLSS provides 
oxygen for the EVA, some air will be lost to suit leakage.  Orion oxygen will be used while the crew is on 
umbilicals during EVA preparation; this operation includes an oxygen purge to de-nitrogenate the spacesuit prior to 
cabin depressurization.   
Contingency analysis for this mission has not identified any unique failure cases for the ARCM mission beyond 
those documented for Orion EM-2.  However, due to the trajectories, if an unrecoverable depressurization occurs 
early in the mission, in which the crew has to don their suits in an unpressurized cabin, the total duration of suited 
time may be increased.  The spacesuits have a considerably higher leak rate than the vehicle cabin, therefore the SM 
tanks must provide the additional oxygen needed. 
Consumable management of oxygen for the mission is feasible because the total additional oxygen required for 
the extended duration, EVA operations, and additional contingency capacity is less than the quantity saved by the 
crew size reduction. Figure 5 depicts Orion oxygen consumption. 
 
Figure 5:  Orion SM Oxygen Usage 
III.F.1.2 Nitrogen 
Nitrogen is provided for leakage and system venting makeup, as well as for repressurization from 10.2psia to 
14.7psia before earth re-entry.  Mission duration, system venting, and pressurization of a volume drive nitrogen use; 
it is not consumed metabolically.  Nitrogen used to repressurize the cabin after EVA is provided by the Cabin 
Repress Kit, not the Orion SM tanks.  Contingency nitrogen stores could be used to feed a leak while the crew dons 
their suits.  Orion contingency stores sized for the “Feed the Leak” case must be preserved for this mission.  The 
ARCM Concept of Operations does not change the nitrogen related contingency stores, and nitrogen use is not 
driven by crew size.  The increase in the duration of the mission will increase nitrogen usage somewhat, but only by 
a very small amount. Figure 6 illustrates nitrogen consumption during the ARCM mission. 
 
Figure 6:  Orion SM Nitrogen Usage 
III.F.1.3 Water 
Orion water use includes single-use and daily-use volumes.  Single-use volumes include eyewash contingencies 
and mission events, such as rehydration prior to landing.  Daily nominal use rates include drinking water and food 
rehydration water.  The crew requires additional drinking water on EVA days, an addition to the ARCM mission 
scope as compared to Orion EM-2. The reduction in crew size from four to two substantially compensates for the 
additional water required for EVA hydration and the small increase in mission duration. Figure 7 shows water 
consumption throughout the mission. 
 
Figure 7:  Orion SM Water Usage 
G. Integrated Orion ARCM Mass 
The ARCM mission kit masses were derived from a bottoms-up estimation of the required hardware.  With the 
exception of the Relative Navigation Kit, all hardware masses were based on existing hardware elements and 
represent an accurate estimate of the additional mass required.   The Relative Navigation Kit mass is derived from 
previous engineering estimates and represents the current best estimate.  The EVA hardware kit mass of 283kg 
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includes the EVA Suit kit, PLSS, EVA Tools and EVA Communications mass estimates.  The mounting hardware 
mass estimate is a parametrically derived mass to account for adapter plates required to stow the kit hardware in 
Orion.   
Despite offloading crew and equipment, the ARCM mission required mass exceeds the Orion Gross Lift-Off 
Mass by 519 kg.  However the integrated trajectory analysis shows sufficient Orion Service Module ∆V 
performance exists to execute the mission including performing part of the Trans Lunar Injection (TLI) burn.   
Table 4: Orion ARCM Mass Delta 
 
In addition to the Orion launch control mass, the feasibility analysis must also address the nominal and abort 
landed mass for Orion which is the load of the vehicle mass on the parachutes during landing. Table 5 shows the 
mass for nominal and abort landed mass. 
The Service Module and docking mechanism are jettisoned prior to Earth entry and are therefore not included in 
the landed mass estimates. For the nominal landing, crew consumables and EVA repress air have been expended 
further reducing the landed mass.  Following a successful mission, some of the EVA tools from the Orion EVA Tool 
Kit will likely remain in the ARV toolbox to support possible extensibility missions and up to 20kg of asteroid 
samples will return in the sample container.  The nominal landed mass is higher than the EM-2 baseline 
configuration by 39.9kg and requires additional detailed analysis to identify mitigation options. 
During an abort landing, this study assumes that the crew will not have had an opportunity to use any of the 
mission consumables and the landed mass in an abort scenario exceeds the EM-2 baseline value by even more than 
the nominal landed mass.  Both the abort and nominal landed mass challenges must be resolved in the context of the 
greater Orion mass challenge where mitigations include accepting additional risk, increasing program dispersion 
parameters or reduced mission functionality.  Further analysis is required. 
 
 
 
 
 
Orion Launch Mass for ARUM lb kg
Crew -360.0 -163.3
Crew Seat -130.1 -59.0
GFE Crew Systems -102.0 -46.2
Suits -142.3 -64.6
SM Water* 0.0 0.0
SM Oxygen* 0.0 0.0
SM Nitrogen** 0.0 0.0
Cabin Repress Kit (26.5% O2) 189.5 85.9
EVA Suit and Tools Kit 624.8 283.4
Sample Return Container 22.0 10.0
Docking Mechanism Kit 751.8 341.0
LAS Separation Hardware 193.3 87.7
Relative Navigation Kit 97.0 44.0
ARUM Mission Crew Module Mass Delta 1144.1 519.0
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Table 5: Orion Nominal and Abort Landed Mass Delta 
 
 
IV. CONCLUSION 
Mission kits are utilized to augment Orion with the necessary functionality without introducing costly new 
requirements to the mature Orion spacecraft design effort.  Understanding how the mission kits are incorporated 
while minimizing cost, schedule and mass impacts will be is important on any spaceflight. The Asteroid Redirect 
Crewed Mission provides an exciting early mission for the Orion and SLS while providing a stepping-stone to even 
more ambitious missions in the future by leveraging the ARCM kit investments to provide the added functionality 
that will be beneficial to future exploration missions. 
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lb kg lb kg
Crew -360.0 -163.0 -360.0 -163.3
Crew Seat -130.1 -59.0 -130.1 -59.0
GFE Crew Systems -102.0 -46.2 -102.0 -46.2
Suits -142.3 -64.6 -142.3 -64.6
Cabin Repress Kit (26.5% O2) 119.7 54.3 189.5 85.9
EVA Suit and Tools Kit 560.9 254.4 624.8 283.4
Docking Mechanism Kit 0.0 0.0 0.0 0.0
Sample Return 44.1 20.0 22.0 10.0
LAS Separation Hardware 0.0 0.0 0.0 0.0
Relative Navigation 97.0 44.0 97.0 44.0
 Landed Mass Delta 87.9 39.9 199.0 90.3
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